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Abstract 

Purpose Sugarcane bagasse is one of the main agro-industrial 
residues which can be used to produce wood-based panels. 
However, more investigations related to its environmental per¬ 
formance assessment are needed, focusing on questions such as: 
Does it provide environmental benefits? What are its main 
environmental impacts? Could it substitute wood as raw materi¬ 
al? Accordingly, this paper presents a life cycle assessment 
(LCA) study of particle board manufactured with sugarcane 
bagasse residues. 

Methods The cradle-to-gate assessment of 1 m of particle board 
made with sugarcane bagasse (PSB) considered three main sub¬ 
systems: bagasse generation, bagasse distribution, and PSB pro¬ 
duction. For the inventory of PSB, dataset from two previous 
LCA studies related to the conventional particle board production 
and the ethanol life cycle for the Brazilian context were used. The 
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allocation criterion for the bagasse generation subsystem was 
9.08 % (economic base). The potential environmental impact 
phase was assessed by applying the CML and USEtox methods. 
PSB was compared with the conventional particle board 
manufactured in Brazil by the categories of the CML and 
USETox, and including land use indicators. Finally, two scenarios 
were analyzed to evaluate the influence of the allocation criteria 
and the consumption of sugarcane bagasse. 

Results and discussion All hotspots identified by CML and 
USETox methods are mainly related to the PSB production 
subsystem (24—100 % of impacts) due to heavy fuel oil, electricity, 
and urea-formaldehyde resin supply chain. The bagasse genera¬ 
tion subsystem was more relevant to the eutrophication category 
(75 % of impacts). The bagasse distribution subsystem was not 
relevant because the impacts on all categories were lower than 
1 %. PSB can substitute the conventional particle board mainly 
because of its lower contribution to abiotic depletion and 
ecotoxicity. Regarding land use impacts, PSB showed lower 
values according to all indicators (3 8—40 % of all impacts), which 
is explained by the lower demand for land occupation in compar¬ 
ison to that of the traditional particle board. 

Conclusions PSB can replace the traditional particle 
board due to its better environmental performance. The 
analysis of the economic allocation criterion was rele¬ 
vant only for the EP category, being important to reduce 
diesel and N-based fertilizers use during sugarcane cul¬ 
tivation. Regarding the influence of the sugarcane ba¬ 
gasse consumption, it is suggested that the sugarcane 
bagasse be mixed up to 75 % during particle board 
manufacturing so that good quality properties and envi¬ 
ronmental performance of panels can be provided. 

Keywords Hotspots • Particle board • Recycling • Renewable 
materials • Sugarcane bagasse • Waste 
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1 Introduction 

In order to achieve better results of environmental perfor¬ 
mance, companies should adopt proactive strategies to control 
and predict the environmental burdens of their activities and 
products. Life cycle assessment (LCA) is one of the most 
common techniques used for this purpose. It quantifies the 
inputs and outputs of a product system (Alting and Legarth 
1995) and assesses the life cycle potential environmental 
impacts (ISO 2006). 

Among the challenges for LCA studies, Schweinle (2007) 
highlighted the difficulty to assess the great range of wood 
derivative products and other renewable resources since there 
are several relevant issues involved, such as impacts related to 
land use, carbon footprint, bioenergy generation systems, and 
life cycle engineering of new and innovative products based 
on renewable resources (e.g., alternative wood composites). 

Brazil produces a wide variety of wood-based products, 
such as pulp and paper, charcoal, furniture, and wood com¬ 
posites. The Brazilian wood-based panel sector is the sixth 
largest worldwide (Biazus et al. 2010). Moreover, most of the 
panel production comes from planted forest areas, which are 
the eighth largest in the world and is composed of nearly 75 % 
eucalyptus and 25 % pine species, totaling 6.664,812 ha 
(ABRAF 2013). 

Wood-based panels are lignocellulosic-composed materials 
produced with processed wood and a synthetic adhesive, 
whose properties can be engineered (Thoemen et al. 2010). 
One of the most common wood panels are particle boards or 
medium density particle boards (MDP), mainly used in the 
manufacture of furniture (e.g., cupboard sides, dividers, 
shelves, and tabletops) and in wooden building products 
(e.g., packaging, insulation materials, doorframes, and wood 
floors). In Brazil, approximately 50 % of the reconstituted 
wood panels are particle boards (Silva et al 2013a). 

Brazilian particle board is different in comparison from that 
produced in Europe and the USA. In Brazil, only specific 
forests provide biomass to the particle board manufacturing, 
while in the USA (Wilson 2010a) and Europe (e.g., Portugal 
(Garcia and Freire 2014) and Spain (Rivela et al. 2006), wood 
used is particularly waste wood (preconsumer, e.g., from 
sawmills and forest operations, and postconsumer). 

Besides wood waste, there are other sources of natural and 
organic residues. The largest quantities of residues are origi¬ 
nated from agricultural sources, such as sugarcane bagasse, 
jute fiber, coconut husk, rice husk, cotton stalk, and others 
(Madurwar et al. 2013). 

According to Silva et al. (2014a), lignocellulosic residues 
such as sugarcane bagasse have mostly been used to provide 
power generation (e.g., in ethanol distilleries and sugar indus¬ 
try). However, sugarcane bagasse can be used in many other 
applications; for instance, it can be applied as raw material to 
partially replace cement and totally replace sand in the 


production of concrete (Amin 2011). Additionally, Karade 
(2010) mentions that bagasse can be converted into many 
industrial products such as liquid fuels, feedstocks, enzymes, 
activated carbon, and composites. 

Many studies referring to the wood-based panel manufac¬ 
ture case have been conducted over the last few years, espe¬ 
cially on sugarcane bagasse. Battistelle et al. (2008) evaluated 
the application of bagasse particles and bamboo stems as raw 
materials to manufacture particle boards showing their satis¬ 
factory physical-mechanical properties and possibilities for 
industrial application. Barros Filho et al. (2011) analyzed the 
bagasse as an alternative to the chipboard panel production 
made with urea-formaldehyde and melamine-formaldehyde 
resins. The study of Tabarsa et al. (2011) showed that particle 
boards made with bagasse particles had superior properties in 
comparison to those of wood species and, in general, showed 
better surface roughness properties. Silva et al. (2012) 
assessed the density and internal adhesion of bagasse 
composites and suggested their possible commercialization 
in the wood panels sector. Belini et al. (2012) evaluated panels 
manufactured from bagasse and eucalyptus fibers, indicating 
that panels with up to 75 % bagasse have satisfactory average 
values of physical and mechanical properties. Finally, Mendes 
et al. (2012) studied the associated effect of bagasse and pine 
wood on the physical-mechanical properties of particle 
boards, showing that the best panel composition was 50 % 
wood and 50 % bagasse. All of these previous studies have 
predicted the satisfactory technical feasibility of producing 
particle boards from sugarcane bagasse for an industrial pro¬ 
duction scale. 

Environmentally, bagasse particle boards manufacture can 
provide important benefits because it reduces the demand for 
wood-cultivated areas and the consequent impacts on forestry 
activities (e.g., land use and use of fertilizers, pesticides, and 
diesel). Thus, studies based on the LCA method could be 
useful to analyze the environmental profile of bagasse particle 
boards and compare the results obtained with those of the 
conventional particle boards made only with virgin wood. 
However, to date, few LCA studies on this topic have been 
published. 

Santos et al. (2014) conducted a comparative LCA study of 
particle boards made with residues from sugarcane bagasse 
and pine wood shavings in Brazil. The results indicated that 
the bagasse particle board had the lowest environmental 
impacts comparing with those of the pine particle board. On 
the other hand, their investigation was a laboratory scale 
study, and it cannot reflect the results of industrial scale. 
Aiming to extend research on the topic, our study analyzes 
the life cycle impacts of bagasse particle boards manufacture 
upon an industrial level, based on dataset provided by LCA 
studies conducted by Ometto et al. (2009) and Silva et al. 
(2013a) in Brazil. The findings of this paper can be used to 
complete previous studies on wood panels which only have 
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evaluated the technical performance of panels and did not 
include their environmental performance. Moreover, the re¬ 
sults obtained here can be used to promote environmental 
sustainability to the wood panel industry. 

The objective of this paper was to assess the environmental 
performance of particle boards made with a mixture of raw 
wood and bagasse residue comparing it with the conventional 
particle board made with reforested wood. Furthermore, sce¬ 
nario analyses were performed to investigate (1) the influence 
of allocation criteria and (2) the percentages of substitution of 
wood for bagasse. 

2 Goal and scope definition 

2.1 Functional unit 

The functional unit was the production of 1 m 3 of uncoated 
particle board with nominal thickness of 15 mm and average 
density of 630 kg/m . However, this paper evaluates an alter¬ 
native particle board manufactured with the addition of ba¬ 
gasse—identified as particle board made with sugarcane ba¬ 
gasse (PSB). 

For PSB production, 50 % bagasse (based on wood con¬ 
sumption) were assumed as reference since Belini et al. (2012) 
and Mendes et al. (2012) found that the best treatment in terms 
of physical and mechanical properties values was 50 % wood 
and 50 % bagasse. The authors analyzed panels manufactured 
with a mixture of wood, sugarcane bagasse particles, and urea- 
formaldehyde (UF) resin, comparing the results obtained with 
the technical requirements applied to conventional particle 
boards made only with wood and UF resin. 

2.2 Description of the system boundaries 

The system in question comprises the sugarcane bagasse 
generation subsystem, the bagasse distribution subsystem, 
and the PSB production subsystem in a cradle-to-gate 
approach. 

Bagasse generation subsystem Sugarcane bagasse is a co¬ 
product of the ethanol and/or sugar production. It is mostly 
composed of fibers and water generated in the milling process. 
In general, the moisture content of bagasse is 40-50 %, and its 
major chemical components are cellulose (30 %), hemicellu- 
loses (23 %), and lignin (22 %) (Dawson and Boopathy 2008), 
which account for approximately half of the sugarcane matter. 
The bagasse can be used for many purposes, mainly as a 
source of energy in cogeneration plants of the sugarcane 
industry (Silva et al. 2014a). In addition, it can also be used 
in the manufacture of wood-based panels—as particle boards. 
It can partially replace wood as a raw material reducing the 
demand for wood. In this study, the sugarcane bagasse 


generated in the distilleries of hydrated fuel ethanol was used. 
According to Ometto et al. (2009), the system boundaries to 
produce ethanol include agricultural and industrial activities. 
The agricultural phase includes soil preparation, sugarcane 
planting, application of chemicals, irrigation, harvesting, and 
transport, while the industrial phase includes sugarcane recep¬ 
tion, washing and milling, juice decantation, fermentation, 
and distillation. Bagasse is generated from the juice extraction 
during the milling process and is then transported to the 
particle board industry. Figure 1 shows the system boundary 
of the bagasse generation subsystem. 

Bagasse distribution subsystem The bagasse generated during 
the milling process is transported by a EURO 3 tmck with 
payload of 27 t to the panel industry and stored with wood 
logs before the manufacturing processes (see Fig. 2). The 
distance assumed was 80 km, adopting the city of Sao Paulo 
as the reference destination. 

PSB production subsystem Particle board is usually made 
with agglutinated and compacted particles from reforested 
wood, which are combined with heat and pressure application, 
consolidating the product. UF resin is the most common 
adhesive, which is the binding agent to agglutinate wood 
particles (Silva et al. 2013b, 2014b; Wilson 2010b). The 
activities to produce particle board are separated into forest 
and industrial production phases, as shown in Fig. 2. The main 
activities in the forest phase are: cultivation of seedlings, soil 
preparation, planting of seedlings, forest management, wood 
harvesting, and transport; the industrial production phase in¬ 
cludes: wood logs reception and storage, wood chipping, 
drying and classification of particles, blending, mat forming 
and pressing, and finishing. It is important to note that the 
conventional particle board and PSB manufacture are similar, 
and the main difference is the addition of sugarcane bagasse 
during the industrial process of the production of particles. 

2.3 Data source and assumptions 

For the life cycle inventory (LCI) phase, dataset inventories of 
ethanol and particle board production for the Brazilian context 
were obtained from Ometto et al. (2009) and Silva et al. 
(2013a), respectively. 

Ometto et al. (2009) evaluated the hydrated ethanol in 
Brazil, considering the primary data collected from 2001 to 
2008 from sugarcane farms and fuel ethanol industries in the 
northeast of the state of Sao Paulo. They provided a cradle-to- 
grave product system including agricultural and industrial 
activities, distribution, cogeneration of electricity and steam, 
ethanol use for car driving, and industrial by-products 
recycling to irrigate sugarcane fields. 

Nevertheless, as shown in Fig. 1, only the agricultural and 
industrial activities were included in the bagasse generation 
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Fig. 1 System boundary of the 
sugarcane bagasse generation 
subsystem 



subsystem. Ometto et al (2009) assumed 0.05 % of the total 
material resource consumed as cutoff criterion, including the 
supply chain of electricity, diesel, chemicals (calcium carbon¬ 
ate and fertilizers), and transportation processes as ancillary 
subsystems. As previously defined, for the bagasse distribu¬ 
tion subsystem, it was considered that the bagasse is 
transported by tmck for a distance of 80 km from the fuel 
ethanol industry to the particle board manufacturing plant. 

Silva et al. (2013a) provided LCIs of particle boards for 
forest and industrial phases based on primary and secondary 
data collected from 57 % of the Brazilian particle board 


production. The authors considered a cutoff criterion of 1 % 
of the total mass of all inputs consumed, considering the 
ancillary subsystems shown in Fig. 2, such as electricity 
generation, fuel production—diesel and heavy fuel oil and 
chemical production—limestone, fertilizers, pesticides, UF 
resin, and additives (paraffin emulsion and ammonium sul- 
fate). For each 1 m (or 630 kg) of particle board, 687.20 kg of 
wood are consumed as logs (or 1.45 m ) with 474 kg/m 
average density (oven dry). Considering the addition of 
50 % bagasse in the particle board manufacture, the consump¬ 
tion of 343.60 kg of bagasse was calculated. 


Fig. 2 System boundary of the 
PSB production subsystem 
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2.4 Allocation procedure 

As shown in Fig. 1, sugarcane bagasse generation occurs 
during fuel ethanol production, which indicates a multifunc¬ 
tional process. The adoption of an allocation procedure was 
necessary to determine the impacts of the sugarcane bagasse 
generation on the fuel ethanol production since was not pos¬ 
sible to avoid it by means of division of the unit processes into 
two or more subprocesses or expansion of the product system 
to include the additional functions. The ISO 14040 standard 
(ISO 2006) states that, when allocation cannot be avoided, 
underlying physical relationship (e.g., mass or energetic val¬ 
ue) or other nonphysical relationships can be applied as eco¬ 
nomic value. The allocation procedure based on physical 
relationship is relatively constant in time, unless technological 
changes in the product system or unit processes occurs. On the 
other hand, in some cases, the mass of a co-product can be 
larger than that of the main product (e.g., oil-refined products 
and biofuels) (Wang et al. 2004; Chen et al. 2010). In these 
cases, the allocation based on economic values is more 
appropriate. 

Economic allocation takes into account the economic value 
added by the major products and co-products and highlights 
the driving forces of the industry (Ayer et al. 2007). It can be 
more suitable than mass allocation in a worldwide context 
governed by trade offers and goods flows (Chen et al. 2010), 
but it is unstable due to the potential market price fluctuations. 
However, since the sugarcane bagasse comes from biofuel 
ethanol production, the economic allocation was adopted. 

Ometto et al. (2009) highlighted that for each ton of ethanol 
(or 1,250 1), 14.401 of sugarcane are consumed and 4.085 t of 
bagasse are generated. The production of 1 m of PSB requires 
343.6 kg of bagasse. Consequently, the production of 84.11 kg 
of ethanol is obtained, and it is necessary to consume 1.211 of 
sugarcane as illustrated in Fig. 3. 

In 2012, according to the Brazilian annual statistics for 
sugarcane product prices (in Brazilian real, R$), the hydrous 
ethanol retail price was R$ 1.796/1 (or R$ 2.25/kg) (Sugarcane 
Industry Association-UNICA 2013). On the other hand, the 
price of bagasse varies depending on the time of the harvest. 
According to the Energy Research Company (Empresa de 
Pesquisa Energetica 2008), when the harvest season starts, 
the price can reach over R$ 30.00/t, and when harvest reaches 
its highest level, the sugarcane bagasse is offered at lower 
prices, and the average price was R$ 17.00/t for the 2006/2007 
harvest. An updated data for sugarcane bagasse price was 
obtained from a sugarcane mill located in the northeast region 
of the state of Sao Paulo, and the average price reported was 
around R$ 55.00/t (or R$ 0.055/kg) for the 2011/2013 harvest. 
Therefore, for 343.60 kg of bagasse and 84.11 kg of ethanol, 
the prices can be estimated as R$ 18.90 and R$ 189.25, 
respectively, totaling R$ 208.15. Based on this information, 
in Fig. 3, the economic allocation criterion was 9.08 % to the 


AGRICULTURAL PHASE 

- Soil preparation 

- Sugarcane plantation 

- Chemicals application 

- Irrigation 

- Harvesting and transport 


Sugarcane 

1.21 t 


INDUSTRIAL PHASE 

- Sugarcane reception 

- Washing 

- Milling 

- Juice decantation 

- Fermentation 

- Distillation 



Ethanol 

84.11 kg 
R$ 189.25 

(90.92%) 


Bagasse 
343.6 kg 
R$ 18.90 

(9.08%) 


1 m 3 


Fuel consumption 

PSB production 


(out of the system boundaries) 


Fig. 3 Economic allocation criteria calculation 


bagasse. It means that the bagasse is responsible for 9.08 % of 
all impacts related to the agricultural and industrial activities 
showed in Fig. 3, and 90.92 % corresponds to the ethanol 
production life cycle impacts. 


3 Life cycle impact assessment 

The steps of classification and characterization, which are 
mandatory in the life cycle impact assessment (LCIA) phase, 
were considered in this study. Normalization and weighting 
were excluded from the study since they are optional 
elements. 

The LCA model was constructed using the GaBi 
Professional software version 6. Two LCIA methods were 
used to evaluate nine impact categories. The abiotic depletion 
(elements) potential, acidification potential, eutrophication 
potential, global warming potential, ozone layer depletion 
potential, and photochemical oxidation potential were evalu¬ 
ated by the CML method (Guinee 2001), whereas ecotoxicity 
potential, human toxicity potential—cancer effects and human 
toxicity potential—noncancer effects were evaluated by the 
USEtox method (Hauschild et al. 2008; Rosenbaum et al. 
2008). This choice is due to the fact that CML method is 
commonly used by many of the LCA studies on wood panels 
(Gonzalez-Garcia et al. 2009,2011; Silva et al. 2013a, 2014b), 
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Table 1 Potential environmental 

impacts of 1 m 3 of PSB Impact category LCIA method Unit PSB 


Abiotic depletion (ADPe) 

CML 

kg Sb eq 

3.51E-04 

Acidification (AP) 

CML 

kg S0 2eq 

2.49E+00 

Eutrophication (EP) 

CML 

kg PO- 3 4eq 

2.07E-01 

Global warming (GWP) 

CML 

kg C0 2eq 

3.19E+02 

Ozone layer depletion (ODP) 

CML 

kgRlleq 

2.50E-06 

Photochemical oxidation (POCP) 

CML 

kg C 2 H 4eq 

3.44E-01 

Ecotoxicity (ECP) 

USEtox 

CTUeco 

1.04E+01 

Human toxicity—cancer effects (HTPC) 

USEtox 

CTUh 

1.96E-06 

Human toxicity—noncancer effects (HTPNC) 

USEtox 

CTUh 

1.12E-06 


while USEtox is a current method specifically developed to 
assess the worldwide toxicity effects. 

Table 1 shows the results of the LCIA of 1 m 3 of PSB. 
Figure 4 shows the PSB relative contribution (%) to each 
subsystem and impact category evaluated by CML and 
USEtox methods. A detailed discussion on these results is 
provided in Sections 3.1 to 3.9. 


such as crude oil and mineral coal. UF resin is produced from 
methanol and urea, which use mineral coal and natural gas in 
their production processes. The bagasse generation and distri¬ 
bution subsystems showed comparatively irrelevant impacts 
on the ADPe category, i.e., lower than 1 %. 

3.2 Acidification potential 


3.1 Abiotic depletion potential elements 

The PSB production subsystem was responsible for 99 % of 
all impacts on abiotic depletion potential elements (ADPe). 
Approximately 52 % of the impacts are related to forest 
production in comparison to the industrial production phase. 
The ADPe impacts of the forest production are caused by the 
extraction of mineral coal, crude oil, and other nonrenewable 
resources needed for the production of diesel, which is used 
during transportation and field operation by trucks and trac¬ 
tors, mainly due to forest management and harvest activities. 
Regarding the industrial production phase, most impacts are 
caused by the production of heavy fuel oil (HFO; 42 %) and 
UF resin (36 %). HFO is an important thermal energy source 
in particle board manufacture in Brazil (Silva et al. 2013a), 
whose impacts are also related to the extraction of resources, 



□ Bagasse generation □ Bagasse distribution ■ PSB production 

Fig. 4 Relative contribution (%) of bagasse generation, bagasse distri¬ 
bution, and PSB production subsystems to each impact category 


Most acidification potential (AP) impacts were generated by 
the PSB production subsystem (97 % of the AP impacts). 
Approximately 91 % are due to the industrial production in 
comparison to the forest production phase. The AP impacts 
during PSB industrial production phase are caused by the 
HFO combustion (69 %) because of the air emissions of sulfur 
derivatives. The impacts of bagasse generation and distribu¬ 
tion subsystems were, respectively, 2 and 1 % of the total AP 
impacts. 

3.3 Eutrophication potential 

As for the eutrophication potential (EP) category, the bagasse 
generation (75 %) and the PSB production (24 %) subsystems 
were very relevant, mainly because of the emissions of nitro¬ 
gen oxides to the air. This was the most relevant category for 
potential impacts of the bagasse generation subsystem. For the 
bagasse generation subsystem, nearly by 85 % of the impacts 
are caused by both chemicals application and sugarcane har¬ 
vest activities, respectively, because of the application of N- 
based fertilizers to the soil as well as the use of diesel in the 
field operations. For the PSB production subsystem, approx¬ 
imately 94 % of the impacts are attributed to the UF resin 
production and HFO combustion in the industrial plant. 

3.4 Global warming potential 

PSB production was responsible for the majority of impacts 
on the global warming potential (GWP, 96 %). Approximately 
75 % of the impacts are due to the industrial production phase, 
and 25 % are due to the forest production phase. The most 
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relevant GWP impacts are related to the electricity generation 
(37 %) because of the use of nonrenewable sources (such as 
coal and oil in the Brazilian mix), the combustion of HFO 
(29 %) in the industrial particle board plant, and the UF resin 
production (27 %) due to the use of methanol and urea. 
According to Silva et al. (2013a), there is a net GWP impact 
of -939 kg of C0 2 eq/m of conventional particle board (be¬ 
cause of the C0 2 uptaken by photosynthesis). Nonetheless, in 
this study, we found a net GWP impact of-3 64 kg C0 2 eq/m 
of PSB. PSB provided a lower carbon footprint due to the 
impacts of the bagasse generation subsystem mainly that are 
related to the sugarcane harvest activity (i.e., diesel consump¬ 
tion by trucks and tractors in the field). Accordingly, the 
higher the bagasse consumption to produce PSB, the lower 
the PSB carbon footprint. Future research will focus on an in- 
depth study of carbon footprint for wood-based panels 
manufactured with agro-industrial residues. 

3.5 Ozone layer depletion potential 

The PSB production subsystem was 100 % responsible for the 
impacts on the ozone layer depletion (ODP). Approximately 
55 % refer to the forest production and 45 % to PSB industrial 
production. As for forest production, the majority of impacts 
are related to diesel consumption (90 %). Regarding the 
industrial production phase, 93 % of impacts are caused by 
the electricity generation process. Bagasse generation and 
distribution subsystems showed irrelevant contributions to 
ODP. 

3.6 Photochemical oxidation potential 

According to the results obtained, 98 % of the impacts on the 
photochemical oxidation potential (POCP) were caused by the 
PSB production subsystem. Approximately 96 % of the POCP 
impacts are due to the PSB industrial production phase be¬ 
cause of emissions of methane, carbon oxide, nitrogen oxides, 
and volatile oxygen compounds (VOCs). In the PSB industrial 
production phase, the impacts are mainly related to the drying 
and hot pressing activities (71 %), and 18 % of the impacts are 
due to the UF resin production since methanol and urea are 
used in the manufacturing process. Bagasse generation and 
distribution subsystems were responsible for only 2 % of the 
POCP impacts. 

3.7 Ecotoxicity potential 

Regarding the ecotoxicity potential (ECP), 99 % of the im¬ 
pacts were related to the PSB production subsystem because 
of the forest production phase (96 %). The ECP impacts are 
particularly linked to the use of glyphosate herbicide in the 
forest management activities. These findings were also found 
by Silva et al. (2013 a) who studied conventional particle 


board manufacture showing how relevant emissions of glyph¬ 
osate are to the ECP category. Therefore, whether or not the 
sugarcane bagasse is added to particle board manufacture will 
not affect significantly the ECP impacts since glyphosate 
emissions are the hotspots. 

3.8 Human toxicity potential—cancer effects 

The PSB production subsystem was the major contributor to 
human toxicity potential-cancer effects (HTPC) with almost 
100 % of the impacts. Approximately 91 % of the impacts are 
caused by the industrial production phase mainly because of 
the UF resin use. In this category, the impacts of the UF resin 
were the greatest in relation to those of the others. Thus, Silva 
et al. (2014b) have suggested MUF resin as an alternative to 
replace UF resin mainly due to its lower contributions to 
POCP and human toxicity. 

3.9 Human toxicity potential—noncancer effects 

Finally, the PSB production subsystem showed 98 % of 
impacts to human toxicity potential-noncancer effects 
(HTPNC), mainly because of the industrial production phase. 
The impacts are mostly related to the generation of electricity 
(75 %) because of the use of nonrenewable resources, such as 
coal and oil in the Brazilian electricity production. 


4 Discussion of improvement opportunities 

The main hotspots in the cradle-to-gate assessment of PSB in 
each impact category are shown in Table 2. 

As can been seen, all hotspots are related to the PSB 
production subsystem, which includes the forest and industrial 
production phases. Most impacts are related to the PSB in¬ 
dustrial production phase mainly due to the HFO, electricity, 
and UF resin. The bagasse generation subsystem was relevant 
only to EP impacts due to the chemical application and diesel 
consumption. The bagasse distribution subsystem was not 
relevant since the relative impacts were lower than 1 % for 
all categories. 

Section 4.1 shows a comparison of LCA results between 
PSB and the conventional particle board including land use 
impacts because of their importance to the study of products 
from renewable resources. Section 4.2 provides a scenario 
analysis of the influence of the allocation criteria on PSB 
production. Finally, Section 4.3 shows alternative manufactur¬ 
ing scenarios varying the sugarcane bagasse consumption 
during the PSB production. 
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Table 2 Environmental hotspots of the PSB cradle-to-gate life cycle 

Impact category 

Hotspots 

Subsystem 

Abiotic depletion (ADPe) 

Diesel/heavy fuel oil/UF resin 

PSB production 

Acidification (AP) 

Heavy fuel oil 

PSB production 

Ecotoxicity (ECP) 

Glyphosate 

PSB production 

Eutrophication (EP) 

Diesel/heavy fuel oil/UF resin/chemicals application 

PSB production/Bagasse generation 

Global warming (GWP) 

Electricity/heavy fuel oil/UF resin 

PSB production 

Human toxicity—cancer effects (HTPC) 

UF resin 

PSB production 

Human toxicity—noncancer effects (HTPNC) 

Electricity 

PSB production 

Ozone layer depletion (ODP) 

Diese/electricity 

PSB production 

Photochemical oxidation (POCP) 

UF resin 

PSB production 


4.1 Comparison results: conventional particle board vs. PSB 

The environmental performance of Brazilian conventional 
particle board and PSB production was compared as shown 
in Sections 4.1.1 and 4.1.2. For this purpose, since both 
particle boards must be equivalent, Table 3 shows their main 
physical-mechanical specifications and Table 4 shows the 
function and functional unit adopted in the comparative LCA. 

For this comparative LCA, the dataset used was a combi¬ 
nation of two different data sources: 

• Conventional particle board—the LCI of the particle 
board produced in Brazil was obtained from Silva et al. 
(2013a); 

• PSB—the dataset detailed in Section 2.3 was used, i.e., the 
combined LCI data from Ometto et al (2009) and Silva 


et al. (2013a). In addition, the best wood^agasse treat¬ 
ment observed in Table 3 was considered—50 % wood 
and 50 % bagasse. 

4.1.1 Environmental impact assessment 

Figure 5 shows the relative contribution of the life cycle 
impacts of the conventional particle board and PSB by 
CML2001 and USETox2008 methods. 

The results show that the particle board and PSB are similar 
in terms of relative impacts in most of the categories evaluat¬ 
ed. The differences in the AP, EP, GWP, ODP, POCP, HTPC, 
and HTPNC results were lower than 1 %. This similar envi¬ 
ronmental profile is due to the fact that the hotspots (see 
Table 2) are mainly related to HFO, electricity, and UF resin 


Table 3 Physical-mechanical properties of particle boards and PSB 


Product 

Reference 

Composition 

evaluated 

Thickness 

(mm) 

Density 

(kg/m 3 ) 

Thickness swelling 
(after 2 h) (%) 

Internal bond 
resistance (MPa) 

Static flexion 
resistance (MPa) 

Particle board a 

ABNT NBR 

100 % wood particles 

14-20 

551-750 

8 

0.35 

16 


14810-2 (2006) 







PSB b 

Belini et al. (2012) c 

50 % wood, 50 % bagasse 

15 

760 

8.6 

0.80 

29.4 


Mendes et al. (2012) d 

50 % wood, 50 % bagasse 

15 

637 

9.08 

0.84 

10.18 


a Particle board physical-mechanical properties are based on the requirements provided by the Brazilian standard ABNT NBR 14810-2 (2006) entitled 
“Wood particleboard—part 2: requirements” (“Chapas de Madeira Aglomerada—Parte 2: Requisites”) 

b PSB technical performance is based on the literature review carried out by the authors. Only publications which evaluated the same group of physical- 
mechanical properties established to the conventional particle board were selected. In addition, the authors only considered the studies in which the 
experimental design consisted of analyzing rates of substitution wood for sugarcane bagasse; boards made from reforested species (i.e., Pinus or 
Eucalyptus ), sugarcane bagasse waste from sugarcane industry and applying UF resins. All results in Table 3 express the best properties obtained to the 
best wood/bagasse compositions evaluated. Papers published until March 2014 in Journals indexed by the Web of Knowledge were searched. The 
expressions searched in the articles’ title and keywords were: particle board, bagasse, and property 

c This paper analyzed the properties of panels manufactured with sugarcane bagasse in combination with eucalyptus fibers in Brazil. For panels with 
15 mm of thickness and average density of 760 kg/m , thickness swelling (8.6 %) was less than 1 % higher than the reference limit of 8 %. However, 
internal bond and static flexion resistances were higher, when compared to those the ABNT NBR 14810-2 (2006) requirements, indicating a better 
technical performance of the PSB 

d This study aimed to evaluate the association effect of sugarcane bagasse, type, and levels of adhesive in the physical-mechanical properties of particle 
boards with Pinus spp. wood in Brazil. For manufactured panels of 15 mm of thickness and 637 kg/m of density, all properties evaluated showed better 
results when compared to the conventional particle board requirements, except for thickness swelling and static flexion resistance. The authors explained 
that it can be caused due to the nonwithdrawal of the sugarcane bagasse pith 
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Table 4 Function and functional unit in the comparative LCA 


Conventional particle boards vs. PSB 


Function For the technical requirements in Table 3, conventional 

particle boards and PSB can be used mainly in the 
furniture sector, such as tabletops, cupboard sides, 
dividers, and shelves. Secondarily, they can also be 
applied in the constmction sector (e.g., packaging, wood 
floors). Therefore, they can be classified as intermediate 
products. 

Functional The same as defined in Section 2.1— the production of 
unit 1 m of uncoated particle boards of nominal thickness of 

15 mm 


applied to the industrial production of PSB, which are the 
same those of conventional particle board. As previously 
discussed, the addition of sugarcane bagasse to the particle 
board manufacture only reduces wood consumption and the 
consequent impacts on the forest production subsystem, 
which explains why both particle board and PSB gives equiv¬ 
alent results in these categories. 

Figure 5 demonstrates that PSB caused fewer impacts on 
ADPe (40 %) and ECP (45 %). The use of sugarcane bagasse 
reduces wood demand, hence the impacts related to ADPe 
during forest production, such as the consumption of diesel. 
The impacts to ECP caused by PSB were minimized mainly 
because of the reduction in the use of glyphosate in forest 
management activities. 


4.1.2 Land use 


According to Baitz (2002), there is no consensus on the ideal 
method for land use evaluation. However, a set of indicators 
have been incorporated into the GaBi software to model land 
use aspects in LCA: 


• Biotic production (BP)—the amount of biomass that was 
not produced due to the functional unit regarded. 
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Fig. 5 Relative contribution (%) of particle board and PSB to each 
impact category 


• Erosion resistance (ER)—represents the ability of a terres¬ 
trial ecosystem to withstand soil loss through erosion. 

• Groundwater replenishment (GWR)—the amount of 
groundwater, which could not be replenished due to the 
functional unit regarded during the time of use. 

• Land occupation (LO)—examines the direct impacts of 
land use considering not only the land area and time of 
occupation, but also its soil quality. 

• Mechanical filtration (MF)—the amount of water which 
could not be filtered due to the functional unit regarded 
during the time of use. 

• Physicochemical filtration (PCF)—related to cations, 
which could not be fixed to the soil due to the functional 
unit regarded during the time of use. 

The land use impacts are related to both agricultural and 
forest production activities, respectively, for the bagasse 
generation and PSB production subsystems. According to 

'j 

Silva et al. (2013a), for each 1 m of particle board, there is 
0.005 ha of wood-cultivated area; according to Ometto et al. 
(2009), for 1 ton of ethanol, there is 0.20 ha of sugarcane- 
cultivated area. Accordingly, in order to produce PSB (mixing 
50 % wood and 50 % bagasse), it is necessary to occupy 
0.0025 ha (25 m 2 ) and 0.10 ha (1,000 m 2 ) of wood and 
sugarcane areas, respectively. Table 5 shows the results of 
land use impacts due to the occupation process expressed by 
the indicators proposed by Baitz (2002). Figure 6 compares 
the relative contribution of the particle board and PSB to each 
land use indicator. 

As can be seen in Table 5, the traditional particle 
board showed higher values according to all indicators, 
explained by the greater demand of land. The forest 
production activities were the most important contribu¬ 
tors to both particle board and PSB impacts, mainly due 
to the harvesting and transportation activities. According 
to Fig. 6, PSB caused fewer impacts in comparison to 
the particle board, ranging from 38 to 40 % of all land 
use impacts. Most PSB impacts are related to forest 
production phase as follows: BP (86 %), ER (86 %), 
GWR (74 %), LO (75 %), MF (86 %), and PCF 
(85 %). 

4.2 Influence of the allocation criteria 

Although the economic allocation criterion adopted was 
9.08 %, it can be unstable due to the market price fluctuations, 
as discussed in Section 2.4. Accordingly, to evaluate the 
influence of different economic allocation criteria on the over¬ 
all environmental impacts of the PSB, two more scenarios 
were assumed: (1) the bagasse price is halved, simulating full 
harvest of sugarcane, when bagasse can be offered at very low 
prices; (2) or doubled, simulating the beginning of the sugar¬ 
cane harvest, when bagasse supply is scarce. Based on these 
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Table 5 Land use impacts of 

1 m 3 of particle board and PSB Indicator Unit Particleboard PSB 


Erosion resistance (ER) 

kg 

3.03E-01 

1.88E-01 

Physicochemical filtration (PCF) 

(cmol><m 2 xa)/kg 

7.44E-01 

4.65E-01 

Biotic production (BP) 

kg 

1.03E+00 

6.40E-01 

Land occupation (LO) 

m 2 xc 

1.29E+00 

8.01E-01 

Groundwater replenishment (GWR) 

mmxm 2 

2.23E+01 

1.45E+01 

Mechanical filtration (MF) 

cm x m 3 

6.13E+02 

3.81E+02 


scenarios, the following economic allocation criteria were 
considered: 

• Scenario 0—baseline represents 9.08 % of allocation 
criterion 

• Scenario 1—economic allocation criterion is half the base¬ 
line, i.e., 4.54 % 

• Scenario 2—economic allocation criterion is as large as 
that of the baseline, i.e., 18.16 %. 

Figure 7 shows the assessment of three scenarios. 

The influence of the economic allocation criteria was irrel¬ 
evant in most of the impact categories evaluated because the 
differences were smaller than 1 %, except for the EP category. 
Therefore, fluctuations in the market prices of sugarcane 
bagasse are relevant only to potential impacts on EP, whose 
differences were 38 % between scenarios 0 (baseline) and 1, 
and 75 % between scenarios 0 and 2. Considering these 
results, it is important to study the influence of the consump¬ 
tion of the bagasse added to wood-based panels manufacture, 
paying special attention to EP impacts. 

4.3 Influence of sugarcane bagasse consumption 

In this study, the reference of sugarcane bagasse consumption 
was 50 %, based on Belini et al. (2012) and Mendes et al. 
(2012). However, a mixture of wood and bagasse can be 


100 % 


S3 80% 

'O 


3 

X! 



■ Particleboard □ PSB 


changed directly influencing the environmental performance 
of PSB, as shown in Fig. 8. 

According to the five treatments evaluated by Belini et al. 
(2012), five scenarios have been established: 

• Scenario 0—baseline representing a consumption of 50 % 
bagasse and 50 % wood 

• Scenario 1—consumption of 0 % bagasse and 100 % 
wood 

• Scenario 2—consumption of 25 % bagasse and 75 % 
wood 

• Scenario 3—consumption of 75 % bagasse and 25 % 
wood 

• Scenario 4—consumption of 100 % bagasse and 0 % 
wood. 

For AP, GWP, ODP, POCP, and HTPC, the impact results 
of the baseline scenario were similar to those of all other 
scenarios analyzed, with less than 8 % difference. Thus, for 
these impact categories, the replacement of wood with sugar¬ 
cane bagasse (in 0-100 % range) in the particle board produc¬ 
tion was not relevant in terms of potential impacts. 
Nevertheless, for ADPe, EP, ECP, and HTPNC, the influence 
of bagasse consumption was significant, exceeding the 8 % 
difference. Increasing the amount of bagasse addition, the 


HTPNC 


HTPC 



ADPe 


GWP 


POCP 


Scenario 0 (reference) 
Scenario 1 
Scenario 2 


Fig. 6 Relative contribution (%) of particle board and PSB to each land 
use indicator 


Fig. 7 Scenario analysis: influence of allocation criteria on each impact 
category 
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ADPe 


Scenario 0 (reference) 
Scenario 1 
Scenario 2 
Scenario 3 
Scenario 4 

Fig. 8 Scenario analysis: influence of sugarcane bagasse consumption 
on each impact category 

potential impacts were lower for ADPe, EP, and ECP 
categories and higher for the HTPNC category. 

The impact reduction for ADPe, EP, and ECP is due to the 
reduced demand for wood in the field since it increases the 
amount of residual sugarcane bagasse added to the production 
of the panel. The controversy observed in the HTPNC cate¬ 
gory comes from the environmental impacts of sugarcane 
bagasse generation subsystem. According to Ometto et al. 
(2009), freshwater emissions of heavy metals such as lead 
are generated from the sugarcane agricultural production be¬ 
cause of diesel (used in field operations) and calcium carbon¬ 
ate (limestone constituent). 

Scenario 1 provided the greatest potential impacts to all 
categories, except for HTPNC, but the lowest impacts were 
shown by scenario 4, which was responsible for 51 % fewer 
ADPe impacts, 12 % fewer EP impacts, 21 % fewer ECP 
impacts, and 8 % more HTPNC impacts in comparison to 
those of scenario 0 (reference). On the other hand, according 
to Belini et al. (2012), sugarcane bagasse can provide satis¬ 
factory quality properties for use in wood panels when mixed 
up to 75 %. Accordingly, we suggest keeping this percentage 
because scenario 3 (75 % bagasse) was the second most 
environmentally friendly alternative evaluated. 



5 Conclusions 

This paper has reported an LCA case study of sugarcane 
bagasse added to particle board manufacturing considering 
three subsystems (bagasse generation, bagasse distribution, 
and PSB production). The potential environmental impacts 
of PSB were assessed using nine impact categories to deter¬ 
mine the hotspots in order to assist wood-based panel pro¬ 
ducers with environmental performance using sugarcane ba¬ 
gasse as a raw material. All hotspots identified by the CML 


and USETox methods are mainly related to the PSB produc¬ 
tion subsystem (24-100 % of impacts), which includes forest 
and industrial production phases. Most impacts are related to 
the PSB industrial production, mainly due to HFO, electricity, 
and UF resin. The bagasse generation subsystem was relevant 
only to the EP category (75 % of impacts), whereas the 
bagasse distribution subsystem was not relevant since the 
impacts were lower than 1 % for all categories. PSB can 
substitute the conventional particle board mainly due to its 
lower contribution to abiotic depletion and ecotoxicity. 
Regarding land use impacts, PSB showed lower values ac¬ 
cording to all indicators (38^10 % of all impacts), which is 
explained by the lower demand for land occupation. 
Therefore, PSB could substitute traditional particle boards 
due to its better environmental performance. The influence 
of economic allocation criteria was relevant only to the EP 
category, whose differences were 38 % between scenarios 0 
(baseline) and 1 and 75 % between scenarios 0 and 2. With 
regard to the influence of sugarcane bagasse consumption, the 
impact results were relevant to ADPe, EP, ECP, and HTPNC, 
and we suggest mixing sugarcane bagasse up to 75 % to 
produce particle boards. Further LCA research should address 
other sources of organic residues that can be applied to pro¬ 
duce wood-based panels mainly focusing on carbon footprint 
and also other types of wood panels (e.g., MDF). 
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